RNAi is RNA interference by short RNAs. It influences gene-expression by down-regulation of mRNAs, typically by complementarity to the 39 UTR (untranslated region) of the mRNA. microRNAs (miRNAs) are short RNAs acting as natural RNAi. miRNAs mediate downregulation of many mRNAs from developmental genes and transcription factor genes. Natural examples for this additional level of post-transcriptional control are increasing. Suitable computer-based search strategies for new miRNA candidates include precursor folding as well as different compositional search strategies. Example programs for this are presented. New own and other data are provided for an overview on such strategies. A strategy feasible in plants for miRNA target identification is direct base pairing of miRNAs to potential mRNA target 39 UTRs. Correct identification in animals usually requires comparative genomics and conserved UTR regions pairing to conserved miRNA substructures. A number of example programs and target examples for these tasks are examined. Finally, strategies and programs for artificial gene silencing by designed RNAi are explained.
INTRODUCTION: RNAs FOR MODULATION OF GENE EXPRESSION
This paper first considers the natural examples of interfering RNA. These are short RNAs which are called microRNAs (miRNAs). miRNAs are surprisingly widespread. The challenges for computerguided identification of new instances of genome-encoded miRNAs and of their cognate targets are next analysed. The targets are the 39 UTRs (untranslated regions) of many mRNAs involved in regulation and development. Learning to identify miRNA target structures also helps in the design of artificial RNAi molecules (see later sections).
miRNAs belong to the class of nonprotein-encoding RNAs. miRNAs are tiny (about 22 nucleotides, nt) and pair to the messages of protein-coding genes to specify mRNA cleavage or repress translation.
1,2 Non-coding RNAs encompass a large and interesting class of molecules ( Table 1 ). The list is continuously growing, eg snRNA 7SK has regulatory functions in the nucleus and there are cytoplasmic non-coding RNAs such as 7SL RNA (involved in protein translocation to the ER, part of the signal recognition particle) and Y RNAs (a mysterious set of RNAs with conserved structure and still unknown function, probably involved in interaction with other RNAs and Ro function). 8 Covariance methods are currently improved using augmented profile hidden Markov models (HMMs) with limited secondary structure information to allow better and faster (only weeks instead of years) automatic classification of noncoding RNAs in large genomic databases.
first recognised examples of the large class of natural interfering miRNA molecules ( Figure 1 ). Both are components of the gene regulatory network that controls the timing of Caenorhabditis elegans larval development. [10] [11] [12] Larval development depends on nuclear protein lin-14. 13 lin-14 mRNA translation in later development is completely suppressed by lin-4.
14 Two lin-4 transcripts of 22 nts and 61 nts are complementary to repetitive sequences in the 39 UTR of lin-14. 10 lin-4 also regulates lin-28 RNA. 15 Reinhart et al. 16 describe the 21nt let-7 (lethal-7) miRNA in C. elegans complementary to sequences in lin-14, lin-28, lin-41, lin-42 and daf-12. 17 They show conservation and expression of let-7 in a large number of species including mouse and human. This supports that the function of let-7 is well conserved.
Many miRNA discoveries followed. Lau et al. 18 revealed 55, Lee and Ambros 19 identify 15 further new miRNAs in C. elegans. Lagos-Quintana et al. 20 found 19 human miRNAs and 14 miRNAs in The wide variety of non-coding RNA is briefly summarised. The table illustrates only the variety and richness of different non-coding RNAs including numerous regulatory elements in the non-coding parts of mRNA. The latter are also targeted by miRNAs and artificial RNAi constructs. Further and more detailed data on non-coding RNA and structure elements are found for example in the repositories or in Dandekar 6 and Eddy. Abbreviations: snRNA, small nuclear RNA; hnRNA, heteronuclear RNA; snoRNA, small nucleolar RNA involved in rRNA processing and rRNA methylation; rRNA ribosomal RNA; tRNA transfer RNA; tmRNA (10Sa RNA; tags stalled mRNA without a stop codon for degradation), 7SL RNA, central RNA in signal recognition particle for protein translocation into the ER, IRES internal ribosomal entry site; IRE iron responsive element; PSE proximal sequence element; Sm-Site, Sm-antigen site, a protein binding site in several non-coding RNAs involved in RNA processing. 4 
MANY FUNCTIONS OF miRNA TARGET GENES
The function of miRNA is to regulate gene expression. However, functions of regulated genes vary enormously and include control of cell proliferation, cell death, fat metabolism in flies 22, 23 and control of leaf and flower development in plants. [24] [25] [26] [27] The widespread inhibition of gene expression by double-stranded RNA molecules mediated by RNAi raises the question of whether there is a natural cellular control mechanism that works on similar principles. RNAi might serve as a primitive immune response against RNA viruses and retroposons.
The high interest in these RNAs and their targets results from strong biomedical applications. This includes control of HIV-1 replication by RNA interference 28 and in vivo knockdown of gene expression in brain cancer with intravenous RNAi in adult rats. 29 Largescale experimental RNAi screens elucidate gene networks, eg using 23,742 distinct short hairpin RNAs as RNAi in human cells targeting 7,914 different human genes for suppression, Berns et al. 30 identified five new modulators of the p53 pathway.
Meanwhile miRNAs are estimated to make up between 0.5 and 1 per cent of the predicted genes in worms, flies and humans. They regulate many targets with diverse functions. 1, [18] [19] [20] 31, 32 This includes regulation of tissue-specific or developmental stage-specific expression patterns. For example, miR-181, one of the many miRNAs conserved among vertebrates, is preferentially expressed in the B lymphocytes of mouse bone marrow. However, expression of this miRNA and corresponding RNA interference with the target mRNAs in haematopoietic stem/progenitor cells modulates blood cell development such that the proportion of B lymphocytes increases. 33 There is strong evolutionary conservation of miRNAs notable in mammals which often extends to invertebrate homologues. 1, [17] [18] [19] [20] 31, 32, [34] [35] [36] [37] [38] [39] [40] Natural RNAi in prokaryotes?
In prokaryotes antisense regulation and inhibition by smaller RNAs has long been recognised; however, the mechanisms seems to be more varied. A comparative analysis 41 revealed that a YUNR motif (Y ¼ pyrimidine, R ¼ purine) is ubiquitous in RNA recognition loops in antisense RNA-regulated prokaryotic gene systems. Rapid RNA/RNA interaction is facilitated by a general U-turn loop structure. Since the YUNR U-turn motif is present in the recognition units of many antisense/target pairs, the motif is likely to be a generally employed enhancer of RNA pairing rates.
CHALLENGES TO IDENTIFY miRNAs
A common annotation platform for the systematic identification of miRNAs already exists. 42 Given the widespread occurrence of natural RNA interference, interest is high both in (i) identification of further natural instances and (ii) use of artificial constructs for targeting and down-regulation of mRNAs of interest. We now describe in detail the first point, including specific example programs for each strategy as well as resulting recent and new data and then use this knowledge to look at some approaches for the second question.
As miRNAs are small, specific identification with a low false positive rate is a challenge. It must be stressed that only a combination of several approaches reduces false positives in miRNA detection sufficiently: for instance, primary sequence alone is too unspecific. Secondary structure alone is again not specific enough. Furthermore, folding miRNAs as negative regulators of gene expression are found in many eukaryotes miRNA targets: developmental genes and others routines are time-demanding in database searches and conserved UTRs alone imply only a general type of evolutionary constraint. The following further observations for filtering are useful:
• Identification of the required protein machinery is a first pointer for RNA interference in this organism.
• miRNA is cut out of a precursor and its structure can be used as a search template.
• The miRNA itself can be searched for by motif searches combining sequence and structure. Moreover, scoring matrices increase sensitivity and specificity and miRNAs typically occur in genomic clusters.
• The miRNA has to be complementary to a target 39 UTR region in mRNA. This and miRNA structure conservation in several species allow the search to be sharpened and the rate of false positives lowered.
• All this is further improved by considering conserved 39 UTRs of the same mRNA and mRNA region from several species.
Moreover, the last two points lead to the identification of specific mRNA targets for miRNAs. Finally, learning from these natural instances we will examine artificial targeting strategies. Here the main challenge, not yet mastered completely, is to target molecules specifically that are normally rarely targeted by a natural miRNA.
Challenge i: RNAi machinery identification via the protein component
In RNA interference, the RNA-induced silencing complex (RISC) uses short interfering RNAs (siRNAs) or microRNAs (miRNAs) to select its targets in a sequence-dependent manner. Key RISC components are dicer and Argonaute proteins, which contain two characteristic domains, PAZ and PIWI. The PAZ domain contains a variant of the OB fold, 43 a module that often binds singlestranded nucleic acids. PAZ domains show low-affinity nucleic acid binding, probably interacting with the 39 ends of single-stranded regions of RNA. PAZ is highly conserved and has so far been found only in Argonaute proteins and dicer from different organisms. Its identification by sequence analysis points to components of the RNAi protein machinery in new organisms.
This approach gives only a first indication on the RNA interference machinery in an organism of interest but should stimulate a search for miRNAs and their 39 UTR mRNA targets.
Challenge ii: Using the RNAiprecursor as template structure
The miRNA is cut out by the enzyme dicer from a stem-loop precursor, eg in let-7 44 ( Figure 2 ). Searching new miRNAs using this precursor is a challenge because of the heterogeneity of the stem-loop precursor. In particular, there is no well-conserved primary sequence element evident in miRNA. Alignments (eg aligning the different miRNAs with the program Clustal 45 ) do not lead to a simple consensus or a wellconserved stretch of nucleotides. A further hurdle in miRNA identification is that the small inhibitory stretch of the miRNA can be situated in the 39 or 59-region of the stem-loop in the precursor and the nucleotide choice is not much restricted by this.
However, the clues from the stemloop structure of the precursor help to find a correct alignment from bona fide miRNA precursors. Searching candidate structures based on such a template is further improved knowing that miRNAs genes are often situated together on the DNA to form genomic clusters. Nevertheless, many details of the miRNA structure and its interaction with the Challenge iii: No wellconserved primary sequencescoring matrices help A search in databases for new miRNAs can exploit a position-specific scoring matrix for further improvement. Positionspecific scoring matrices do a wonderful job for identification of sequence families, eg in PSI-BLAST. 46 Of course, in designing the matrix it is critical to include only true positive sequences, otherwise the search will be misleading. Furthermore, specificity can be increased by clustering so that related miRNAs each define a cluster of closer related sequences (an example is given at the supplementary material website 47 ). Furthermore, informative and noninformative nucleotides found in the scoring matrix are better separated by a non-linear weighting scale (eg exponential or logarithmic). For example, after determination of occurrence probabilities of individual positions the probabilities are squared so that more conserved nucleotides get a higher score if detected. A strong example exploiting several position-specific matrices and increasing the detection by a non-linear scale is the detection of promoter modules using the Genomatix suite. 48 Such an RNAi search strategy is also adaptable for other motif searches (transcription factors, binding sites, catalytic motifs of a large enzyme family). For individual sequences or related groups of sequences it can first be determined whether they carry a strong signal in their scoring matrix or not (or would increase the signal if added to another scoring matrix). This is a further advantage of such a strategy.
RNAi database search miRNA-specific scoring matrices can thus be implemented in a search program that needs in addition standard routines such as database read-in, tests whether a database entry fits any of the scoring matrices and creation of a readable output. For any database search, positive controls are important. For example, a working miRNA motif search program (our example program is given with details in the supplementary material 47 ) should detect the two miRNA genomic clusters known on human chromosome 13 (doublet mir-15 und mir-16, and quintuplet mir-17, mir-18, mir-19a, mir-20 and mir-19b-1; the respective hits are separated by only 100-200 nucleotides).
Increase specificity
Can we increase the specificity of an RNAi motif search program further? Remember that the precursor of the Scoring matrices refine our miRNA search strategy Figure 2 : Human miRNAs mir-16, mir-17 and mir-29 20 illustrate here the stem-loop precursor structure of the precursor. The resulting miRNAs are shaded miRNA gives a further clue: the mature miRNA is cut out of a stem-loop structure, its precursor. A folding routine can check whether the putative hit is embedded in the stem (and not the loop, see example references on bona fide structures above) of an miRNA precursor structure. To implement such structure checks, the Vienna package 49 is a handy solution. To detect a precursor structure, its energy should be sufficiently low to be stable (.30 kcal/mol) and it should be unbranched. A further useful check is to test that each of the four nucleotides is sufficiently represented in the hit (otherwise you may be fooled by repetitive DNA and similar uninformative hits). In the example program (see supplementary material 47 ) we demand that each nucleotide should represent at least 12.5 per cent of the sequence.
miRNAs often occur in genomic clusters
The number of new candidate structures with RNA interference potential predicted can be further decreased. miRNAs in known examples usually occur in clusters close together in the genome. For the example program we can count genomic clusters of at least n (any integer) potential miRNAs (spacing between them 50-200 nucleotides). This leads to a concise list of stronger candidate structures while identifying the above mentioned positive controls.
The numbers of genomic clusters of miRNA candidate structures obtained for a given size are shown in Table 2 after running our miRNA search program as an example on human chromosome 13 (the supplementary material 47 shows detailed results for a search on this chromosome including the genomic clusters discussed here). Interesting genomic clusters include a putative 'double' cluster. It consists of a genomic cluster with 9 miRNAs separated by 600 nucleotides from another putative genomic cluster of 7 candidates. This 'double' cluster of putative miRNAs is found in the region of nucleotide 59,589,487 of entry NC_000013 representing the full chromosome 13 (corresponding to chromosomal entry Hs13_10007 (former working draft) at position 2,662,903 (of the plus strand, whereas the putative genomic cluster is found on the minus strand)). There is also a known genomic cluster of miRNAs mir17, mir18, mir19a, mir20 and mir19b-1 (at position 5,023,426 of Hs13_10023 which corresponds to position 89700846 in entry NC_000013 representing the full chromosome 13) with a cluster of 8 miRNA candidate structures situated about 10,000 nt upstream of these (at position 5033242 of HS13_10023 (former working draft) and position 89710667 (NC_000013) on the full chromosome 13).
The example search program illustrates several different search strategies for miRNA. It uses position-specific scoring matrices, RNA folding, sequence and nucleotide composition as well as demanding genomic clustering of hits. Note, however, that the folding of the miRNA precursor is not a fast routine (several weeks for chromosome XIII on an AMD 1800+ processor) and thus also this combination of search strategies can be optimised further. The identification of a strong candidate miRNA provides a good hint for its target sequence as the 39 UTR region in any target mRNA has to be complementary to the stretch identified. Thus all known 39 UTRs of the mRNAs for the organism in which the miRNA has been identified can be screened for complementarity to the miRNA. Such a strategy is often the only option if there are no related genomes known for the genome screened for miRNA.
Direct complementarity search successful in plant genomes
RNAi target identification just by direct complementarity to miRNAs has been shown to be successfully in plant miRNAs, eg in the apetala2 mRNA repressing miRNA. 25 Similarly, in a systematic search for the targets of 13 Arabidopsis miRNA families, Rhoades et al. 50 found 49 unique targets with a signal to noise ratio exceeding 10:1, just by looking for Arabidopsis messages with near-perfect complementarity to the miRNAs. These interactions were often conserved among rice orthologues of the miRNAs and messages. Many of these 49 plant miRNA target sites have since been confirmed experimentally.
26,51-53 They were often found in transcription factors involved in developmental patterning or stem cell maintenance and identity. Plant miRNAs are often important during cellular differentiation to eliminate regulatory gene transcripts from daughter cell lineages.
Challenge v: Genome comparison strategies are required in animals
In contrast, such a simple target-matching strategy between miRNA and target mRNA does not give a clear (above chance expectation) signal in C. elegans and Drosophila. 50 It also shows the challenges in designing specific artificial RNAi constructs: simple complementarity as a design criterion has a high potential to interfere with expression of other mRNAs (see below).
miRNAs are short and their complementarity to target sequences is imperfect. Their identification in animal genomes requires thus refined strategies looking at conservation in several RNAs. For example, 39 UTR regions conserved in several mRNAs are collected and compared to identify candidate target sites of miRNA. Stark et al. 54 provide lists of candidate target genes to be used in combination with additional biological criteria, including functional relationships shared among predicted targets of individual miRNAs. For this, conserved 39 UTR sequences from the Drosophila melanogaster genome were screened for potential miRNA targets, combining a sequence search with an evaluation of the predicted miRNA-target heteroduplex structures and energies. This identified the five previously validated let-7, lin-4 and bantam targets from a large database and predicted new targets for Drosophila miRNAs. There were striking target clusters of functionally related targets among the top predictions for specific miRNAs (notch target genes for miR-7, proapoptotic genes for the miR-2 family, and enzymes from a metabolic pathway for miR-277). Three predicted targets each for miR-7 and the miR-2 family were experimentally verified. However, the authors could give no estimate of the false positive rate.
Comparing the Drosophila melanogaster, D. pseudoobscura and Anopheles gambiae genomes, Enright et al. 55 identified several hundred target genes potentially regulated by one or more known miRNAs. They Conserved 39 UTRs help to reveal target mRNAs validated their search using known examples as positive controls. For each miRNA, target genes were selected regarding sequence complementarity using a position-weighted (see above) local alignment algorithm, free energies of RNA-RNA duplexes, and conservation of target sites in related genomes. Targets were again rich in mRNAs of developmental genes and for cell fate specification including the nervous system. Often these were mRNAs encoding transcription factors or mRNAs from genes known to be under translational regulation.
DETAILED INTERACTIONS OF CONSERVED miRNAs WITH 39 UTR REGIONS
39 UTR pairing of the mRNA to the 59-portion of the miRNA, particularly miRNA 59-nucleotides two to eight, appears to be most important for target recognition by vertebrate miRNA. Lewis et al. 21 predicted 451 regulatory targets of mammalian miRNAs, broadly distributed but again enriched in genes involved in transcriptional regulation. Using conserved vertebrate miRNAs they identified mRNAs with conserved pairing to the 59-region of the miRNA and evaluated the number and quality of these complementary sites (program 'Targetscan' 56 ). The authors used 79 miRNAs with homologues in human, mouse and puffer fish and identical sequence only in human and mouse and 55 miRNAs that had identical sequences in all three genomes. 32, 20, 37 miRNAs were searched against orthologous human, mouse and rat 39 UTRs derived from the Ensembl classification of orthologous genes.
The program searches the 39 UTRs in the first organism for 7-nucleotide segments of perfect Watson-Crick complementary to bases two to eight from the 59-end of the miRNA. It extends each seed match with additional base pairs to the miRNA as far as possible in each direction, allowing G:U pairs, but stopping at mismatches. Most known invertebrate miRNA target sites have more than 6 nt seed matches but some do not, eg lin-41, a target of the C. elegans let-7 miRNA. 12 Then the software optimises base pairing of the remaining 39-portion of the miRNA to the 35 bases of the UTR immediately 59 of each seed match using the RNAfold program 49 and assigns an energy using RNAeval. 49 For each genome search a z-score is assigned to each identified 39 UTR according to the energy and seed matches. 39 UTRs are finally ranked as candidates only if they have sufficient high z-score and rank in each genome compared. Empirically, a parameter T influences the relative weighting of UTRs with fewer highaffinity target sites to those with larger numbers of low-affinity target sites.
Calculating signal to noise ratios
A signal (5.7 targets/miRNA) to noise (1.8 targets/shuffled miRNA) ratio of 3.2 to 1 (31 per cent false positive rate) was calculated for Targetscan using meticulously (similar dinucleotides, seed matches, composition and pairing energy) shuffled miRNA sequences for comparison. This ratio improved to 4.6:1 when conservation was required additionally in a fourth genome, the Japanese puffer fish Fugu rubripes (115 targets in 107 genes, only 22 per cent false positive rate). The shuffled controls yielded far fewer targets as the vertebrate UTRs contain multiple conserved regions of complementarity to the authentic miRNAs. This is a good strategy as the 59-parts of many known invertebrate miRNAs 54, 57 are perfectly complementary to the 39 UTR mRNA target and this strategy compensates for the not-so-perfect complementarity in vertebrates.
Furthermore, the 59 ends of related miRNAs are better conserved than their 39 ends. 32 Targetscan also achieved the highest signal to noise ratio when the start seed match was positioned at or near the extreme 59 end of the miRNA. Perhaps
The 59-end of a miRNA pairs well with its target this segment nucleates pairing between miRNA and target mRNA. These most conserved portions of the miRNA and no other miRNA segments have the greatest propensity to match multiple conserved segments in UTRs. The number of predicted targets is greatest for the most highly conserved miRNAs. Lewis et al. 21 confirm this with an expanded set of 121 conserved mammalian miRNAs including known vertebrate miRNAs that had redundant seeds. This yielded a total of 854 predicted targets in 39 UTRs from 442 genes, a 89 per cent increase over the 451 targets predicted from the nonredundant set of miRNA with individual base-pairing seeds. However, the number of miRNAs used increased just by 53 per cent from 79 to 121. Families formed by variant miRNAs that had the same seed yielded an increased average of 8.7 predicted 39 UTR-targets per miRNA.
FUNCTIONAL CATEGORIES OF IDENTIFIED miRNA TARGET GENES
Target gene functions can easily be determined using gene ontology (GO; Gene Ontology Consortium, 2001) Challenge VI: utilising miRNAs or artificial silencing RNAs (siRNAs) for artificial gene targeting and silencing
As the above examples and test programs show, the complementarity stretches between miRNA and target yield only a strong interaction signal in animals if genome conservation is also compared. Similarly, targeting new mRNAs with a complementary artificially designed RNAi is not straightforward. Besides side-effects (RNAi interferes with other mRNAs), different siRNAs for the same gene have varying silencing capacities. 59 This means that several different siRNAs typically must be screened to obtain a region that will effectively silence the gene of interest. 59 one uses Escherichia coli endoribonuclease III to cleave double-stranded RNA (dsRNA) into esiRNA (endoribonuclease-prepared siRNA) that can target multiple sites within an mRNA. EsiRNA mediates effective RNA interference with no apparent non-specific effects in cultured mammalian cells. Since the whole gene can be used at once, screening for an active siRNA for an individual gene is eliminated. Because of its simplicity and potency, this experimental approach is useful for large-scale analysis of mammalian gene function.
The in vivo delivery of RNAi into tissues and organs for medical treatment remains a challenge (eg by liposomes combined with targeting peptides or receptors). However, use of the short (21-23 nts) artificial RNAi avoids largely unwanted immune responses and uses the natural RNA degradation pathway present due to miRNA. It allows at least for several (3-7) days down-regulation of target mRNA after transfection in cell culture and is a promising new technology. 60 
Design of silencing RNAs
To allow more specific design one can analyse how RNA interference depends on the global context of the target sequence. 61 A quantitative analysis of silencing efficiency can be established using an Eulerian graph representation of siRNA. Briefly, several aspects of gene silencing by small interfering RNA duplexes (siRNA) influence the efficiency of silencing. There are cell-specific factors and molecular factors of RNA interference (RNAi). A prerequisite for sequence-based siRNA design with this strategy is that hybridisation thermodynamics is the dominant factor. Cell-specific parameters (cell line, degradation, cross-hybridisation, target conformation, etc.) are pooled into an average cellular factor. Pancoska et al. 61 consider in this way the molecular basis for the positional dependence of siRNAinduced gene silencing. They regard the uniqueness of context of a corresponding target sequence segment relative to all other such segments along the attacked RNA. This context is encoded into descriptors derived from Eulerian graph representation of siRNAs. This descriptor based upon the contextual similarity and predicted thermodynamic stability is subsequently shown by the authors to correlate with the experimentally observed silencing efficiency for the human lamin A/C gene. The information encoded in this regression function can be generalised and used as a predictor of siRNA efficiency in unrelated genes. Target examples used were mRNAs for CD54 and PTEN. The method yields quantitative predictions correlating well with measurements (at least in such examples).
Look closer and it becomes complicated
The exact relationship between the sequence and structure of the target RNA and the activities of siRNAs is not yet really clear. Yoshinari et al. 62 used the TAR element with its stable secondary structure at different positions within target RNAs. They suggest that the activities of siRNAs are affected by the tight stem-loop structure of TAR. In contrast, the position of the target within the mRNA, the binding of the Tat protein to the TAR and the location of the target within a translated or a noncoding region had only marginal effects on RNAi. When placing the target sequence in two different orientations, only one orientation had a significant effect on the activities of siRNA. This demonstrates that the presence of certain nucleotides at some specific positions was favourable for RNAi. Systematic analysis of 47 different sites within 47 plasmids under identical conditions indicated in this system that it is the target sequence itself, rather than its location, that is the major determinant of siRNA activity. miRNAs and siRNAs will often target several mRNAs Keep in mind that regarding sideeffects (side-targets of an RNAi) many mRNAs regulated by vertebrate miRNAs are still unknown. Furthermore, viruses use RNAi strategies, eg the Epstein-Barr virus (EBV). Pfeffer et al. 63 show that EBV expresses several miRNA genes. However, the majority of predicted host cell targets have more than one binding site for the viral miRNA. Moreover, 50 per cent of the targets are additionally targeted by one or several host cell miRNAs. Predicted viral miRNA targets include regulators of cell proliferation and apoptosis, B cell-specific chemokines and cytokines, transcriptional regulators and components of signal transduction pathways. Viral miRNAs are often located in intron regions. They target, for example, the virally encoded DNA polymerase BALF5 mRNA for later degradation. EBV and probably other members of the herpes virus family and large genome DNA viruses contain miRNAs. They exploit RNA silencing as a convenient method for gene regulation of host and viral genes in a nonimmunogenic manner.
RNAi targeting of an individual mRNA can be improved with the above strategies. For example, one can single out the best regions with an Eulerian graph approach and target the mRNA of interest with several miRNAs as exploited in nature by viral miRNAs. There remain, however, many issues to be answered to increase specificity of RNAi targeting and efficiency of the silencing itself.
Learn from this -steps for improved RNAi targeting prediction
Horesh et al. 64 scan entire genomes simultaneously for RNAi elements and the presence of cellular genes that are degraded by these RNAi elements via exact short base-pair matching. The genomes are scanned using a suffix tree data structure that was specifically modified to identify sets of combinations of repeated and inverted repeated sequences of 20 bp or more. Initial scans suggest that a large number, about 7 per cent of C. elegans and 3 per cent of C. briggsae genes, have the potential to be subject to natural RNAi control. For target validation these authors looked for expression of the RNAi control element in expressed sequence tags (ESTs) and tested for synteny between C. elegans and C. briggsae of these control regions, obtaining a candidate list of about 70 genes predicted to be under RNAi control.
Note that though small interfering RNAs (siRNAs) and designed antisense oligonucleotides both selectively block gene expression the two methods rely on different cellular mechanisms. If picked at random, many of the antisense or siRNA oligos will not be effective. Saetrom 65 developed a genetic programming-based prediction system for both antisense and siRNA efficacy. It was trained and evaluated on a published database of antisense efficacies and on our own database of siRNA efficacies collected from the literature (database and prediction system are available upon request from Saetrom). The overall correlation between predicted and observed efficacy was 0.46 on both antisense and siRNA data. This suggests a reasonable prediction success (the best correlations of support vector machine classifiers trained on the same data were 0.40 and 0.30).
OUTLOOK
The combinatorics of miRNA target sites in the 39-untranslated regions of messenger RNAs are reminiscent of transcriptional regulation in promoter regions of DNA. There are both one-tomany and many-to-one relationships between regulator and target. Typically, more than one miRNA regulates one message, indicative of cooperative translational control. Conversely, one miRNA may have several target genes, reflecting target multiplicity. The computer-based identification of natural RNAi such as miRNAs, of effective and well-designed artificial RNAi as well as
Viral miRNAs in intron regions
Improved RNAi targeting reduces RNAi failures their respective targets is a challenge as predictions still have many false positives. However, it is also a rewarding experience given the high number of true examples validated which are currently increasing at an exponential rate. The above collection of programs, data and approaches should further speed up their systematic identification.
